Objectives: Atrial fibrillation (AF) is associated with a decrease in atrial ERP and ERP adaptation to rate as well as changes in atrial conduction velocity. The cellular changes in repolarization and the underlying ionic mechanisms in human AF are only poorly understood. Methods: Action potentials (AP) and ionic currents were studied with the patch clamp technique in single atrial myocytes from patients in chronic AF and compared to those from patients in stable sinus rhythm (SR). Results: The presence of AF was associated with a marked shortening of the AP duration and a decreased rate response of atrial repolarization. L-type calcium current (I ) and the transient Ca,L outward current (I ) were both reduced about 70% in AF, whereas an increased steady-state outward current was detectable at test to potentials between -30 and 0 mV. The inward rectifier potassium current (I ) and the acetylcholine-activated potassium current (I ) K1 KACh were increased in AF at hyperpolarizing potentials. Voltage-dependent inactivation of the fast sodium current (I ) was shifted to more Na positive voltages in AF. Conclusions: AF in humans leads to important changes in atrial potassium and calcium currents that likely contribute to the decrease in APD and APD rate adaptation. These changes contribute to electrical remodeling in AF and are therefore important factors for the perpetuation of the arrhythmia. © 1999 Elsevier Science B. V. All rights reserved.
This article is referred to in the Editorial by M.A. Alessie [7] [8] [9] [10] [11] [12] [13] [14] as well as a decrease in atrial conduction velocity ( pages 10 -12) in this issue. [9, 12] , thereby favoring the occurrence of multiple-wavelet reentry [15] . Little information is available about the ionic mechanisms underlying AF in humans. In the canine rapid Atrial fibrillation (AF) is the most common arrhythmia shortening. In that model, a decreased I was observed in Na in man and its prevalence will increase with the aging of AF that correlated with the slowing of atrial conduction the population [1] [2] [3] . The presence of AF is associated [17] . The only study in humans reported a decrease in I to with a considerable increase in morbidity [4, 5] and in and I as well as an increase in I in left but not in right sus K1
mortality [1, 6] . In recent years, the functional mechanisms atrial myocytes in chronic AF [18] . At the moment, no underlying AF have been investigated in animal models data are available upon the effects of human AF on [7] [8] [9] [10] and in humans [11] [12] [13] [14] . From these studies, it repolarization on a cellular level, on inward currents like became evident that AF is characterized by a marked I and I , and only limited information is available on Ca,L Na decrease in the atrial ERP and in ERP adaptation to rate potassium currents. The purpose of the present study therefore was to study the effects of AF on AP in isolated myocytes, and to characterize the changes in potassium 21 currents (I [19] ; I (I ) [20, 21] ; I [22] ; I [23] Ca -free Enzyme Incubation Medium (EIM) with the Right atrial appendages were obtained at the time of addition of 150 U / ml collagenase (Type V, Sigma), 12.6 cardiac surgery by following procedures approved by the U / ml protease (Type XXIV, Sigma) and 1 mg / ml albumin institutional review committee. The investigation conforms (Sigma). The EIM solution contained (mM) NaCl 137, with the principles outlined in the Declaration of Helsinki.
KH PO 5, MgSO 1, Glucose 10, HEPES 5, Taurine 10, 2 4 4 17 patients were assigned to the SR group and 8 to the pH 7.4 (adjusted with NaOH). The EIM was maintained at chronic AF group according to the underlying cardiac 358C and continuously gassed with 100% O . This period 2 rhythm. Chronic AF was defined as permanent AF of at of digestion was followed by a 1 min wash in EIM least 1 month duration, patients with paroxysmal AF were solution without any enzymes. Subsequently, the supernanot included in the study. Patients' characteristics are listed tant was removed and replaced by a fresh enzyme medium in Table 1 . Single myocytes were isolated by enzymatic with the same composition but without protease until dissociation with the chunk method as previously derod-shaped cells were present. Cells were kept in a scribed [24] . The specimens were transported to the ''Kraftbruehe'' storage solution containing (mM) KCl 20, p5ns vs. SR) in AF. Fig. 1 shows typical AP recorded from an SR (Fig. 1A) and from an AF cell (Fig. 1B) . In SR, the AP duration (APD) is much longer at all frequencies and the cell displays a clear frequency dependent adaptation of the APD with a shortening at higher stimulation rates. In contrast, in AF, the APD is already very short at slow rates and there is almost no further shortening as the stimulation frequency is increased, rather, the AP at 1, 2 and 4 Hz are overlapping (Fig. 1B) 
Effects of AF on potassium currents
In Fig. 2 , representative recordings of steady-state currents from a cell of an SR patient and a cell of an AF patient are displayed. Currents were recorded under conditions designed to eliminate I and I as described in Na Ca the figure legend. Steady-state current densities are presented in Fig. 2C . The presence of AF was associated with a significant increase in inward currents at hyperpolarizing test potentials, representing the inward component of the decreased I , we studied the voltage-dependent and kinetic to properties (Table 3) . Voltage-dependent activation was determined from the IV-relation with changes in driving force corrected by dividing the current during the test pulse (TP) by the driving force, TP2E . E is the reversal rev rev potential that was obtained as the reversal potential of I to tail currents (271.3 mV). The obtained curve was fit by a Boltzman relation. Voltage-dependent inactivation was determined with a 1s prepulse from a holding potential of 280 mV to potentials between 2100 and 170 mV, followed by a 500 ms test pulse to 160 mV to record I .
to
The obtained curve was fit by a Boltzman relation. AF was associated with a significant shift of I voltage-dependent to activation to more positive potentials. Recovery from inactivation was assessed with a dual pulse protocol, in which two identical 300 ms pulses, P1 and P2, were applied from a holding potential of 280 mV to 150 mV at an increasing P1-P2-interval. (Fig. 5D ). shown in Fig. 4 . In SR, a large, transient, rapidly inactivatTo evaluate the mechanisms involved in the reduction of ing I is visible which is almost absent in AF. In contrast, I , we studied the voltage-dependent and kinetic prop- activation and inactivation were not affected by AF. conditioning pulse (P1) with a varying P1-P2 interval. Recovery from inactivation was determined by the ratio of Recovery was best fit by a monoexponential function and the current during a 300 ms depolarizing pulse to 110 mV was identical in SR and in AF. In AF cells, the inactivation (P2) from a HP of 280 mV to that during an identical kinetics of calcium currents were slower than in SR. A Table 3 a Properties of I , I and I in SR and in AF 
-axis).
A double-pulse the AF group had a significantly longer fast time constant protocol at a HP of 2140 mV was used to determine the t , whereas t was not changed. voltage-dependent inactivation with a 1s conditioning fast slow pulse to voltages between 2140 and 255 mV, followed by 3.4. Sodium current a 30 ms test pulse to 240 mV at 0.1 Hz. The test pulse current was then normalized to current without a prepulse To avoid contaminating effects of time-dependent and fit by a Boltzman relation. Voltage-dependent activachanges in the I I-V relationship, all experiments were tion was not affected by AF (Table 3) . Voltage-dependent Na carried out 15 min after cell membrane rupture. Repreinactivation of I was shifted to more positive voltages in Na sentative examples of I recorded from an SR and an AF AF cells (Fig. 7) , from 297. At hyperpolarizing potentials, we observed an increase in I and in I current densities in AF. I voltage-K1 KACh Na dependent inactivation was shifted to more positive potentials by AF in humans.
Comparisons with previous findings on the effect of AF on repolarization
We observed a decrease in APD and APD adaptation to rate in chronic human AF. These findings are consistent with previous reports about a shortening of atrial repolarization in vivo. In a goat model, Wijffels et al. [7] demonstrated that AF was associated with a shortening of the atrial ERP and a decreased ERP adaptation to rate. These findings were confirmed in three studies in the canine rapid atrial pacing model of AF [8] [9] [10] . In this model, Yue et al. [16] have also recorded AP where they found a progressive shortening of the APD and a decreased APD adaptation to rate with an increased duration of rapid pacing. Boutjidir et al. [14] studied the effect of chronic AF on ERP and AP in multicellular preparations of human atria. AF was associated with a marked shortening of the ERP and AP as well as an increased dispersion of repolarization. In a study that addressed the effects of short-term, pacing-induced AF in humans [12] , a reversible shortening of atrial ERP was noted. A marked shortening of the ERP was also present in patients in chronic lone AF briefly after conversion to SR [11] . Our findings provide Little is known about ionic changes in AF. The only report in humans by Van Wagoner et al. [18] showed a clear reduction in I current densities that was in the same to 4. Discussion order of magnitude as in the present study. A reduction in I current densities was involved in atrial electrical to We have shown that chronic AF in humans leads to a remodeling in the canine rapid pacing model [16] . marked shortening in atrial AP duration and to a decreased In our study, I current density was not different from sus frequency-dependent adaptation of APD. Additionally, we patients in normal SR. This is in contrast to the study by have characterized the ionic mechanisms that underlie Van Wagoner et al., who showed a decrease in I current sus electrical remodeling in human AF. This study is the first densities and a decreased Kv1.5 protein expression in to demonstrate that presence of the arrhythmia was associhuman AF [18] . The reasons for these contrasting results ated with a marked decrease in I in humans. Furthermay reflect differences in patients' underlying cardiac Ca,L more AF led to a decrease in I current densities as well as disease or in left ventricular function. Reduced left vento an increase in the steady-state outward current at potentials tricular function and heart failure are known to alter between 230 and 0 mV. These currents, therefore, seem to electrophysiology and potassium currents in the atria play a major role in the shortening of repolarization in AF. [22, 27, 28] . Most of our patients had a preserved or only mildly impaired left ventricular function. In the study of increase in connexin 43 (Cx43) , which underlies the sustained outward expression in the AF goat model. In human AF, Cx43 Kur,d current in that species, was not altered by AF [16] . This protein expression was reduced compared to SR [42] . current however, appears to have a different molecular
Although the results about the exact changes in gap basis than I in human atrium [29] . junctions are still contrasting, altered intercellular coupling Kur I at hyperpolarizing potentials was increased in appenseems to be an important component in the remodeling K1 dages from AF patients in the present study. This was also process in AF. These changes might overcompensate the found in the report by Van Wagoner et al. [18] contributing to the resting membrane potential and is AF alters cardiac ionic currents. In the present report, involved in atrial APD shortening by acetylcholine [30] .
half-maximal activation of I was shifted to more positive to Cholinergic modulation of atrial repolarization is largely voltages. However, this shift is not sufficient to account for based on the activation of I [30, 31] , and is associated the total reduction of I , because maximal I conductance KACh heterogeneous expression are important factors both in the which is in the same range as the current reduction induction and in the maintenance of AF. observed in our AF patients. In the same study, the authors In AF, I current densities were reduced by 73% also observed a downregulation of the L-type calcium Ca,L compared to SR. Similar reductions in I were observed channel a1c-subunit in chronically paced dogs [43] . In one Ca,L after chronic rapid atrial pacing in dogs [16, 36] and in a preliminary report in humans, the I a1-subunit was Ca,L preliminary report in humans [37] . In the dog model [36] , decreased in AF lasting more than 6 months, but not in like in our study, I inactivation was slowed in AF cells, short-term AF [44] .
Ca, L 21 possibly contributing to a decreased Ca influx especially at rapid rates. 4.4. Potential limitations Sodium current densities were identical in patients in SR and in AF in our study. These results contrast with
In human atrial appendages, the chunk method is the observations that showed a progressive reduction in I only possibility of cell isolation. The use of this method Na density as a function of atrial tachycardia in the dog [17] . has important implications on the results obtained in single Another preliminary report in the rapid pacing model also human atrial cells. 1) Yue et al. [45] provided evidence that described a reduction in I current densities, however, this I is present in a much smaller percentage of cells with Na K was attributed to an increase in cell size, since current smaller current amplitudes if the chunk method is used for amplitudes remained unchanged [36] . The reasons for cell isolation compared to arterial cannulation. In our these contrasting results might include differences in the preparations, I was present only in a small number of K type of AF (experimental vs. clinical AF), influences of the cells (,5%) with very small current amplitudes. Most of underlying cardiac disease or interspecies differences. In the time, the current displayed rapid rundown, so a our AF group, voltage-dependent inactivation of I was comparison between different groups or a systematic Na shifted by 9.6 mV to more positive potentials, which would pharmacological approach was not possible. 2) We obincrease availability at the resting potential, and thus served an increase in I and in I in the AF group. As K1 KACh increase conduction velocity. Therefore, other mechanisms both currents are important contributors to the maintenance must be involved in the slowing of intraatrial conduction in of the resting membrane potential (RMP), a more negative AF. Several studies have investigated the effects of AF on value would be expected in AF. However, in isolated atrial gap junctions, which are a major determinant in human atrial cells the RMP is highly variable, which again myocardial conduction [38, 
